and A. peroxydans (De Ley and Frateur, 1974 paradoxus. All Acetobacter species and subspecies were validated on the Approved Lists of Bacterial Names (Skerman et al., 1980) . Gosselé et al. (1983) studied 98 Acetobacter strains by numerical analysis on the basis of 177 phenotypic features and protein gel electrophoregrams. They rejected the previous subspecies concept and proposed four species instead, namely, A. aceti, A. hansenii, A. liquefaciens, and A. pasteurianus . These results were cited in Bergey's Manual of Systematic Bacteriology (De Ley et al., 1984) . Yamada (1983) revived A. xylinus [sic] as an independent species of Acetobacter on the basis of quinone systems and DNA-DNA relatedness. Yamada et al. (1997a, b) proposed the genus Gluconoacetobacter [sic] in acetic acid bacteria on the basis of ubiquinone systems and partial 16S rDNA sequences. As a result, A. liquefaciens, A. hansenii, and A. xylinus [sic] were transferred to Gluconoacetobacter liquefaciens [sic] , Gluconoacetobacter hansenii [sic] , and Gluconoacetobacter xylinus [sic] , respectively. Sokollek et al. (1998) proposed two new species of the genus Acetobacter : A. oboediens and A. pomorum, and Boesch et al. (1998) described a new species, A. intermedius. Yamada (2000) transferred A. oboediens and A. intermedius to the genus Gluconacetobacter based on the ubiquinone system and 16S rDNA sequences. Therefore three species are now in the genus Acetobacter, namely, A. aceti and A. pasteurianus, together with A. pomorum.
Some taxonomic problems, however, remained in the genus Acetobacter : (1) a broad range (9.7 mol%) of the GϩC content of DNA in A. pasteurianus; (2) no comprehensive data of DNA-DNA relatedness between strains identified as A. aceti and those identified as A. pasteurianus; (3) no consideration on the taxonomic significance of ubiquinone systems (Gosselé et al., 1983) .
Most acetic acid bacteria obtainable from culture collections were those isolated from materials in the temperate regions. Yamada et al. (1999) succeeded in isolating acetic acid bacteria from fruits, flowers, and traditional fermented foods collected in Indonesia, a representative tropical country. A total of 64 acetic acid bacteria were isolated by the enrichment culture approach. Of 64 isolates, 45 oxidized acetate and lactate and had Q-9 as the major ubiquinone. These isolates were regarded as Acetobacter strains.
This study deals with the reidentification of 31 Acetobacter strains obtained from culture collections, the identification of 45 Acetobacter strains isolated from Indonesian sources, and the establishment of improved systematics of the genus Acetobacter.
Materials and Methods
Bacterial strains. Strains obtained from culture collections are listed in Table 1 . A. aceti IFO 14818 T was separated into two stable colonial types; they were labeled IFO 14818 T R for the rough type and IFO 14818 T S for the smooth type. Isolation sources of 45 Acetobacter isolates from Indonesia are presented in Table 2 , and these strains are referred to as Indonesian isolates. A. pomorum was not used in this study because of the strict cultural requirements for growth of a strain of this species.
Phenotypic characterization. Cell form and cell size were determined for cells grown on a basal medium containing 1.0% glucose, 1.0% glycerol, 1.0% ethanol, 1.0% peptone, and 0.5% yeast extract. If necessary, 1.5% agar was added for the preparation of solid media. Otherwise stated, strains were cultivated at 30°C. Gram staining was carried out by the method of Hucker and Conn (1923) . Motility was observed by the hanging-drop method, and flagellation was examined by the staining method of Toda (1928) . The activity of catalase and oxidase was determined by the methods described by . Cellulose production was determined by boiling pellicles in 5.0% NaOH for 2 h. Real cellulose was confirmed when the pellicle did not dissolve after boiling . Oxidation of ethanol to acetic acid was tested by the method of Frateur (1950) by using a medium containing 3% ethanol, 3% yeast extract, 2% CaCO 3 , and 2% agar. Oxidation of acetate and lactate to CO 2 and H 2 O was examined by using Leifson's method as described by Asai et al. (1964) . The growth on glutamate agar, the formation of g-pyrones from D-glucose and D-fructose, and the acid production from sugars and sugar alcohols were investigated by the methods described by Asai et al. (1964) . Ketogenesis from glycerol was detected by the method described by Carr (1968) , and the production of 2-keto-, 5-keto-, and 2,5-diketo-D-gluconates from D-glucose was determined by the method of Swings et al. (1992) . Growth at different temperatures was determined on a basal medium.
Growth on YPM broth and agar medium. Growth on D-mannitol was determined by using YPM medium. This medium contained 2.5% D-mannitol, 0.3% peptone, and 0.5% yeast extract. If necessary, 2.0% agar was added for the preparation of solid media (Asai et al., 1964) . Medium without D-mannitol was used as a control. Growth on stationary cultures in liquid medium was monitored by measuring the absorbance at 660 nm. Transfers of cultures were carried out three times to avoid carryover of the first culture.
Utilization of ammoniacal nitrogen. Utilization of ammoniacal nitrogen was determined by using the Hoyer-Frateur medium (De Ley and Frateur, 1974 ) and Frateur's modified Hoyer medium (De Ley et al., 1984) . The Hoyer-Frateur medium was composed of 3.0% ethanol, 3.0% D-glucose or 3% D-mannitol, 0.1% (NH 4 ) 2 SO 4 , 0.01% K 2 HPO 4 , 0.09% KH 2 PO 4 , 0.025% MgSO 4 · 7H 2 O, and 0.0005% FeCl 3 . The Frateur's modified Hoyer medium corresponded with the HoyerFrateur medium supplemented with vitamins: 0.0001% D-biotin, 0.0001% Ca-pantothenate, 0.0001% thiamine, 0.0001% folic acid, 0.0001% p-aminobenzoic acid, 0.0001% vitamin B 12 , 0.00015% pyridoxal-HCl, 0.00015% niacin, and 0.00015% riboflavin. The medium without a carbon source was used as a control. Cultures were incubated at 30°C under stationary and shaking conditions. In shaking conditions, growth was measured by absorbance at 660 nm by using an L-tube. Transfers of cultures were carried out three times to avoid carryover of the first cultures.
Quinone analysis. Quinones were extracted by the method of Yamada et al. (1969) and analyzed quantitatively by HPLC with a Nova-Pak C18, 3.9ϫ150 mm (Nihon Waters Corporation, Tokyo, Japan) (Komagata and Suzuki, 1987) .
Determination of DNA base composition. DNAs were isolated by the method of Saito and Miura (1963) . DNA base composition was determined by the method of Tamaoka and Komagata (1984) .
DNA-DNA relatedness. DNA-DNA relatedness was determined by the fluorometric DNA-DNA hybridization in microdilution wells described by Ezaki et al. (1989) .
Sequencing of 16S rDNA. All methods used for PCR amplification of the 16S rDNA and primers were those of Kawasaki et al. (1993) and Yamada et al. (2000) . The 16S rDNA was amplified by PCR with the following two primers: 20F (5Ј-GATTTTGATCCTG-GCTCAG-3Ј, positions 9 through 27) and 1500R (5Ј-GTTACCTTGTTACGACTT-3Ј, positions 1509 through 1492). The numbering of positions was based on the Escherichia coli numbering system (accession number V00348, Brosius et al., 1981) . Purified PCR products were sequenced directly by using an ABI PRISM™ Bigdye Terminator Cycle Sequencing Ready Reaction Kit and ABI PRISM™ model 310 Genetic Analyzer. The following six primers were used: 20F, 1500R, 520F (5Ј-CAGCAGCCGCGGTAATAC-3Ј, positions 519 through 536), 520R (5Ј-GTATTACCGCGGCTGC-TG-3Ј, positions 536 through 519), 920F (5Ј-AAACT-CAAATGAATTGACGG-3Ј, positions 907 through 926), and 920R (5Ј-CCGTCAATTCATTTGAGTTT-3Ј, positions 926 through 907).
Phylogenetic analysis. The multiple alignments were performed by the program Clustal W (ver. 1.6) (Thompson et al., 1994) . The distance matrixes for the aligned sequences were calculated by the two-parameter method of Kimura (1980) . The neighbor-joining method was used for constructing a phylogenetic tree (Saitou and Nei, 1987) . The comparison of the sequence data obtained was made on 1,403 bases. The robustness for individual branches were estimated by bootstrapping with 1,000 replicates (Felsenstein, 1985) . The type strains of the species and the accession numbers of the nucleotide sequences were cited from databases and are presented in Fig 
Results

Oxidation of acetate and lactate and ubiquinone systems
Most Acetobacter strains obtained from culture collections and all Indonesian isolates oxidized acetate and lactate and had Q-9 as the major ubiquinone, as shown in Table 2 . A. aceti IFO 14821, A. pasteurianus IFO 3189, IFO 14814, LMG 1510, LMG 1518, and LMG 1584 were eliminated from further study and transferred to other genera in the acetic acid bacteria because they had Q-10 as the major ubiquinone. The genus Acetobacter has been characterized by the presence of Q-9 and had an ability to oxidize acetate and lactate (Yamada et al., 1969 (Yamada et al., , 1997a . Gluconacetobacter hansenii (ϭA. hansenii) IFO 3296 was included in this study because it showed the presence of Q-9 and was identified as an Acetobacter strain .
DNA base composition
DNA base composition of Acetobacter strains studied was distributed from 51.8 to 60.3 mol% GϩC content, as shown in Table 3 .
DNA-DNA relatedness
When 14 strains, including two strains of A. aceti, 10 strains of A. pasteurianus, and two Indonesian isolates were used as probes, 70 strains tested were separated into eight groups on the basis of DNA-DNA relatedness, as shown in Table 3 . The groups were labeled Groups I to VIII. The scale bar represents 1 nucleotide substitution per 100 nucleotides. Numerals indicate the bootstrap value derived from 1,000 replications. Abbreviations of the generic names: A., Acetobacter; G., Gluconobacter; Ga., Gluconacetobacter; As., Asaia; Ac., Acidomonas. 
Comparison of 16S rDNA sequences
One representative strain from each of Groups III to VI and two representative strains from each of Groups VII and VIII were determined for their 16S rDNA sequences. These sequences were compared with those of three other Acetobacter species and 12 other species in the family Acetobacteraceae. All eight strains were placed in the Acetobacter cluster (967 bootstrap value), as shown in Fig. 1 . LMG 1571 and NRIC 0313 were placed in the same cluster (1,000 bootstrap value) and correlated with high levels of DNA relatedness. NRIC 0312 and NRIC 0321 joined together (1,000 bootstrap value).
Phenotypic characteristics
Phenotypic characteristics of the strains studied are shown in Table 4 . All Acetobacter strains studied were Gram-negative rods measuring from 0.4 to 1.0 by 1.5 to 2.0 mm. More than half the strains tested were motile by peritrichous flagella. They were catalasepositive except for IFO 13754 and IFO 13755, and they were oxidase-negative. They oxidized ethanol to acetic acid. None of the Acetobacter strains produced cellulose in the medium. IFO 13751 produced a mucous pellicle that dissolved after boiling in 5% NaOH. All Acetobacter strains grew scantily on glutamate agar. 2000 Taxonomic study of the genus Acetobacter 153 Production of Acid production from
Abbreviations:
T , Type strain; ϩ, positive; w, weak; Ϫ, negative. All strains were Gram-negative rods, positive for oxidase, oxidation of ethanol, and acid production from ethanol, and negative for production of 2,5-diketogluconate from D-glucose and acid production from D-fructose, D-sorbitol, D-mannitol, and glycerol. 13752 of Group IV. All Acetobacter strains grew well at 37°C except for members of Group I.
Growth on YPM broth and agar medium
All members of the Acetobacter groups scarcely grew on YPM broth and agar, and they also scarcely grew without D-mannitol. When the growth of cultures on YPM broth was determined by absorbance at 660 nm, no significant differences (A 660 ϭ0.1-0.2) were found between the growth with and without D-mannitol for Acetobacter strains. In contrast, Gluconobacter oxydans IFO 14819 
Utilization of ammoniacal nitrogen
A few Acetobacter strains tended to show scanty growth in the Hoyer-Frateur medium and the Frateur's modified Hoyer medium containing ethanol or D-glucose as a carbon source under both stationary and shaking conditions. Furthermore, no Acetobacter strains grew in the Hoyer-Frateur medium and the 
Discussion
Phylogenetic analysis based on 16S rDNA sequences from each of the eight groups based on DNA-DNA relatedness reveals that the above groups are the members of the genus Acetobacter and phylogenetically distinct from other genera in the family Acetobacteraceae. The levels of 16S rDNA sequence similarity among Acetobacter strains were more than 95.8%, and the levels of 16S rDNA sequence similarity between Acetobacter strains and those of other genera were less than 96.6%.
DNA-DNA relatedness provides clear evidence that the Acetobacter strains studied are separated into eight distinct groups on the basis of DNA-DNA relatedness. These groups showed good agreement with the concept of bacterial species; that is, a well-defined species shows 70% or greater DNA-DNA relatedness (Wayne et al., 1987) . Moreover, the range of GϩC mol% of each group was Ϯ2 mol%.
Of the eight groups, two are proposed as new species, three as new combinations, and the remaining three are the established species, A. aceti, A. pasteurianus, and A. peroxydans . Strains previously assigned to A. aceti and A. pasteurianus, were scattered over the different species. Differential characteristics of the species in the genus Acetobacter are given in Table 5 .
The genus Acetobacter is separated from other genera in the family Acetobacteraceae by differences in ubiquinone systems and by the oxidation of acetate and lactate (Yamada et al., 1997a, b) . Furthermore, members of the genus Acetobacter do not produce gpyrones from either D-glucose or D-fructose, not do they produce acid from D-fructose, D-mannitol, D-sorbitol, and glycerol. The range of the GϩC content obtained for this genus is 51.8 to 60.3 mol% and narrower than that (51 to 65 mol%, T m ) reported previously by Gosselé et al. (1983) . Asai et al. (1964) first suggested the usefulness of YPM agar for the differentiation of acetic acid bacteria. Yamada et al. (1997a, b) reported that no growth of the genus Acetobacter on YPM agar could be used for separating it from the genus Gluconobacter or partly from the genus Gluconacetobacter. This was rejected, however, by Boesch et al. (1998) because YPM medium is recommended to cultivate Acetobacter and Gluconobacter strains according to the BCCM Catalogue (Janssens et al., 1998) . Recently, Franke et al. (1999) reported the growth of Acetobacter strains on YPM agar. According to this study, no significant differences were noted between the growth of Acetobacter strains tested on YPM broth with and without D-manni-tol when the growth of cultures was measured by absorbance at 660 nm. A scanty growth of Acetobacter strains on YPM broth would be ascribed to the use of yeast-extract and peptone as carbon sources. This false positive growth could result in misinterpretation of the growth on D-mannitol as mentioned above. In contrast, strains tested in the genera Gluconobacter, Gluconacetobacter, and Asaia grew remarkably well on YPM broth and agar with D-mannitol, but scantily without D-mannitol. Therefore it is concluded that Acetobacter strains are unable to utilize D-mannitol as a carbon source.
De Ley and Frateur (1974) , Gosselé et al. (1983), and De Ley et al. (1984) reported that some strains in the genus Acetobacter utilized ammoniacal nitrogen on the Hoyer-Frateur medium containing ethanol. Furthermore, Gosselé et al. (1983) and De Ley et al. (1984) got the same results by using the Frateur's modified Hoyer medium containing ethanol, D-glucose, or D-mannitol as a carbon source. The growth of Acetobacter strains on both media in the presence of ethanol or D-glucose, however, was indefinable compared with those of the strains of the genera Gluconobacter, Gluconacetobacter, and Asaia (Fig. 2) . The Acetobacter strains were also unable to use ammoniacal nitrogen when D-mannitol was used as a carbon source, even supplemented with vitamins. Consequently, we concluded that the test of the use of ammoniacal nitrogen on the Hoyer-Frateur medium and on the Frateur's modified Hoyer medium is of no value for the classification and identification of the genus Acetobacter.
Approximately 20% of Acetobacter strains obtained from culture collections were misidentified. IFO 3189 should be transferred to the genus Gluconobacter because it did not oxidize acetate and lactate and had Q-10 as the major ubiquinone. This strain also produced g-pyrones only from D-fructose, dihydroxyacetone from glycerol, and 2-and 5-keto-D-gluconates from D-glucose, which are the distinctive characteristics of the genus Gluconobacter. IFO 14821, IFO 14814, LMG 1510 , LMG 1518 , and LMG 1584 should be transferred to the genus Gluconacetobacter because they oxidized acetate and lactate and had Q-10 as the 2000 Taxonomic study of the genus Acetobacter 159 major ubiquinone. IFO 14814, IFO 14821, LMG 1510, and LMG 1518 produced cellulose in liquid medium. Conversely, Gluconacetobacter hansenii (ϭA. hansenii) IFO 3296 should be transferred to A. orleanensis because it oxidized acetate and lactate, had Q-9 as the major ubiquinone, and showed a high level of DNA-DNA relatedness with the type strain of A. orleanensis.
Until now, the species of the genus Acetobacter were determined mainly on the basis of phenotypic characteristics. Shimwell (1957) and Asai et al. (1964) failed to differentiate the species of this genus on the basis of phenotypic characteristics, including morphological, cultural, and biochemical characteristics. Gosselé et al. (1983) classified 98 strains of the genus Acetobacter on the basis of the phenetic classification and whole protein profiles. However, the heterogeneity of the species of this genus has appeared in the light of DNA-DNA relatedness and 16S rDNA sequences. Therefore it is recommended in this study that the genus Acetobacter should be classified and identified on the basis of both genotypic and phenotypic characteristics. Before the establishment of a species, DNA-DNA relatedness should be determined between strains comprising the species. This ensures the stability of bacterial nomenclature.
As mentioned above, Acetobacter strains studied were separated into the following eight groups based on DNA-DNA relatedness and phylogenetic relationships. Each group is regarded as a species.
Group I: Acetobacter aceti (Pasteur 1864 T R is recommended to be the representative strain of A. aceti because a rough colonial type is more stable than a smooth colonial type. Moreover, rough colony-forming strains are capable of forming film, which was reported to be typical of A. aceti (Shimwell, 1957 
